Nanomagnetic toggle switching of vortex cores on the picosecond time scale 
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We present an ultrafast route for a controlled, toggle switching of magnetic vortex cores with 
ultrashort unipolar magnetic field pulses. The switching process is found to be largely insensitive 
to extrinsic parameters, like sample size and shape, and it is faster than any field-driven magne- 
tization reversal process previously known from micromagnetic theory. Micromagnetic simulations 
demonstrate that the vortex core reversal is mediated by a rapid sequence of vortex-antivortex pair- 
creation and annihilation sub-processes. Specific combinations of field pulse strength and duration 
are required to obtain a controlled vortex cores reversal. The operational range of this reversal 
mechanism is summarized in a switching diagram for a 200 nm Permalloy disk. 



Ferromagnetic materials in confined geometries typi- 
cally form domain structures that close the magnetic flux 
[l| . In the center of such flux-closure structures there is a 
region of only a few nanometers in size known as a mag- 
netic vortex, where the magnetization circulates around 
a core 0, H, In the vortex core, the magnetization 
points out of the vortex plane, thereby preventing a sin- 
gularity of the exchange energy density. Owing to the 
dramatic improvement in the spatial resolution of mag- 
netic imaging techniques, it has recently become possible 
to directly observe the nanometric region of the vortex 
core Q and to study vortex dynamics @, 0, Q • 

In analytical models for vortex dynamics 0, the core 
is usually assumed to be a rigid magnetic structure that 
remains unchanged when its position is shifted, e.g., un- 
der the influence of an external field. The high structural 
stability of vortex cores results from the strong exchange 
interaction. Nevertheless, recent studies have shown that 
the internal magnetic structure of a vortex core can be 
modified temporarily by magnetic fields applied in the 



film plane llOL [ll|, LL2[ . Short of its annihilation with an 



antivortex [13[ , the most drastic possible modification of 
a magnetic vortex structure is the reversal of its perpen- 
dicular core, i.e., the switching of the vortex polarization. 

A field-driven switching of the vortex polarization has 
been shown to be possible by applying a static mag- 
netic field 3, EH perpendicular to the vortex plane, thus 
"crushing" the vortex core and re-establishing it in the 
opposite direction. This process requires field strengths 
of the order of 500 mT. Such a large field value indi- 
cates that a high energy barrier must be surmounted 
to switch a magnetic vortex core. This high barrier en- 
sures high thermal stability, which in combination with 
their well-defined orientation and their extremely small 
size makes vortex cores interesting candidates for binary 
data storage [16[. The first demonstration that vortex 
cores can also be switched by low-amplitude in-plane 
magnetic fields has been provided only very recently 



Q . In the experiment of Ref . Q , short oscillating mag- 
netic field pulses of low amplitude were used, tuned to the 
gyrotropic resonance frequency of the system [5] . The gy- 
rotropic frequency depends on the particle size and shape 
and is typically in the order of a few 100 MHz. A weak 
oscillating resonant magnetic field induces a rotation of 
the vortex on a stationary orbit. Exploiting the sense of 
rotation, it was demonstrated that the vortex core rever- 
sal can be triggered with weak sinusoidal field pulses of 
about 4 ns duration and strength of about 1.5 mT [8j]. 




FIG. 1: Schematics of a field-pulse driven vortex core switch- 
ing. The vortex core magnetization can be switched by just 
a short magnetic field pulse applied in the film plane, 
switching process requires only 40-50 ps. 



This 



We have studied the dynamics of vortex core re- 
versal with micromagnetic simulations using a fully 
three-dimensional finite-element algorithm based on the 
Landau-Lifshitz-Gilbert equation [18]. Our simulations 
show that the time scale required for a vortex core rever- 
sal is not limited by the relatively slow gyrotropic reso- 
nance frequency: A vortex core reversal process can also 
be triggered by a non-resonant, unipolar, and very short 
field pulse (below 100 ps) of moderate strength (~80 mT) 
applied parallel to the film plane of, e.g., a sub-micron 
sized NigiFeig (Permalloy, Py) disk (Fig.[Tj). In this study 
we also provide a detailed description of the transforma- 
tion undergone by the vortex during this process: The 
core reversal occurs through a sequence consisting of a 
vortex-antivortex pair creation, followed by an annihila- 
tion process, resulting in a final magnetic structure of 
a single vortex with opposite polarization, in agreement 
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FIG. 2: Pair-creation mediated vortex core reversal in a Py disk of 100 nm radius and 20 nm thickness. A Gaussian field pulse 
is applied in the disk plane, parallel to the y axis. The top row shows the x component of the magnetization, m x , in the 
initial state, followed by the state of the sample at the pulse maximum ("0 ps") and then at two different times after the 
pulse maximum has been reached. The blue and red ribbons represent the m x = and m y = isosurfaces, respectively. The 
bottom row shows a magnification of the region where these ribbons intersect, marking the cores of the original vortex, then 
at 12 ps after the pulse maximum, of the newly created vortex anti- vortex pair and finally of the remaining vortex core. This 
core has opposite polarization with respect to the initial vortex core, indicated by the yellow color on the underlying cutplane 
representing the z-component of the magnetization, m z . The green and orange cylindrical ribbons are the isosurfaces where 
m z — 0.8 and m z — —0.8, respectively. 



with the model suggested in Ref. [8]. We find that the 
time required for the core reversal is of the order of 40 ps 
[251 ]. This is a very high speed for a reversal process, 
which is, e.g., about five times faster than that involved 
in ultrafast precessional switching mechanisms [19[. 

A typical example of the vortex- ant ivortex pair cre- 
ation mediated core switch process is shown in Fig. 2. 
For the simulation of this Py disk (radius of 100 nm 
and thickness of 20 nm) we have used about 150.000 
tetrahedral elements, corresponding to a cell size of 
3nm. The material parameters chosen for Py are: 
A = 13pJ/m (exchange constant), /ioM? — 1.0 T (M s : 
saturation magnetization) and K u = (K u : magneto- 
crystalline anisotropy ) , corresponding to the usual room- 
temperature values [26[. The Gilbert damping constant 
was set to a=0.01. An 80 mT Gaussian shaped field 
pulse of a duration of 60 ps is applied in the plane of the 
Py disk, which is initially in a symmetric vortex state. 
The microscopic processes leading to the core reversal 
can be clearly identified by highlighting the m x = and 
m y — isosurfaces (l3| , the intersection of which deter- 
mines the exact position of the vortex core. Before an 
external field is applied, these m x = M x /M s = and 
rriy = M y /M s = isosurfaces appear as straight rib- 
bons (oriented parallel to the x and y axis, respectively) 
crossing each other perpendicularly at the center of the 
vortex core. As the field pulse perturbs the system, the 
vortex shifts away from its original position and the for- 



merly circular arrangement of the magnetization around 
the core is stretched in one direction, resulting in bent 
isosurfaces. A few picoseconds after the peak value of the 
pulse is reached, the isosurfaces are bent strongly enough 
to form two additional intersections. These intersections 
mark the creation of a vortex- ant ivortex pair [13]. The 
magnetization direction in the core of the new vortex is 
opposite to the polarization of the original core. 

Once a pair is created, the antivortex quickly moves 
towards the original vortex and, through a rapid process, 
they annihilate each other. The details of the magne- 
tization dynamics of such annihilation processes, which 
include the formation and the propagation of a micro- 
magnetic singularity (Bloch point), have been reported 
in [13[. It has been shown that this vortex- antivortex an- 
nihilation process is connected with a sudden generation 
of spin waves [20] . After the sequence of pair creation and 
annihilation processes, the magnetic structure is again in 
a vortex state, but with opposite polarization with re- 
spect to the original vortex. The process does not affect 
the in-plane sense of rotation of the magnetization, hence 
resulting in a change of the vortex handedness [5[ . 

The change of the perpendicular core magnetization, 
while not explicitly shown in Fig. 2, can be seen in 
Fig. 3. The reversed core magnetization is clearly ob- 
tained by the creation of a new oppositely magnetized 
area, which evolves into a vortex- antivortex structure. 
Subsequently, the original core annihilates with the new 
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FIG. 3: Topography of m z during the core switching process, 
(a): Static equilibrium. The cutline on the upper right shows 
the small negative dip in m z near the core, (b): Formation 
of a large negative dip of m z . The cutline goes along the 
diameter through the vortex core and the adjacent dip. (c): 
Pair creation leads to two separate points with m z =— 1. (d): 
The original vortex core annihilates with the new antivortex. 
(e): Spin waves are emitted after the annihilation. Finally, a 
vortex core with opposite polarization remains (f). The insets 
on the lower left show the x-component of the magnetization 
(red: m x = 1, blue: m x = — 1). The times are relative to the 
pulse maximum. 



antivortex. The starting point for the formation of the 
out-of-plane component of the new vortex is a "dip" in 
the perpendicular component of the magnetization, m z , 



that forms close to the vortex core [10|, [2l| as the vortex is 
distorted, cf. Fig. 3b. The formation of this out-of-plane 
component is due to the tendency of the system to reduce 
the exchange energy connected with the strong inhomo- 
geneity of the in-plane magnetic structure: as the m x — 
and the m y =0 isosurfaces approach each other, the dis- 
tance over which the magnetization changes its in-plane 
direction by 90° is reduced to only a few nanometers. The 
system circumvents the formation of such a strongly inho- 
mogeneous structure by rotating the magnetization out 
of the plane. While the exchange field is responsible for 
the formation of a pronounced out-of-plane component 
in a distorted vortex structure, it is the magnetostatic 
field of the vortex core that is decisive for the direction 
into which this out-of-plane dip develops. In the close 



vicinity of the vortex core, there is a strong dipolar field 
originating from the core. This field provides a bias into 
the opposite direction of the vortex core magnetization. 
As shown on the cutline in Fig. 3a, the dipolar field of 
the core affects the magnetic structure on a ring around 
the vortex core, leading to a negative "halo" of the m z 
component around the core [22j]. The simulations yield 
that the vortex core gives rise to a negative perpendicu- 
lar field component of about 200 mT in the region where 
the dip develops [13] 

The simulations show that the pair-creation mediated 
vortex core reversal mechanism is insensitive to varia- 
tions in particle shape or size. The same reversal process 
occurs as well in elliptical and square sub-micron sized 
magnetic thin-film elements. The process also does not 
seem to depend on the value of the damping coefficient, a, 
used in the Landau-Lifshitz-Gilbert equation [28[. Only 
the characteristics of the required field pulse depend on 
the individual sample properties. These results suggest 
that the field-pulse induced generation and the subse- 
quent annihilation of magnetic vortex- antivortex pairs is 
a general property of magnetic vortices. In view of this 
general nature of the process, we assume that the pair- 
creation mediated core reversal could also be initiated by 
electric current pulses 21] or by laser pulses [23[. 

We found that the field-pulse induced core switch in 
our disk-shaped sample occurs for well-defined combina- 
tions of the applied pulse's duration and strength. The 
influence of these two parameters is shown in Fig. [H on 
the example of a 20 nm thick, 200 nm large Py nan- 
odisk. This diagram was obtained by varying the pulse 
width a in steps of 2.5 ps for t = Ops to t = 20 ps and in 
steps of 10 ps thereafter. The pulse maximum was var- 
ied in increments of 5mT. The precise position of the 
boundaries in the diagram is difficult to determine be- 
cause they (weakly) depend on the size of the discretiza- 
tion cells. These variations in the critical field result from 
the mesh-dependence of the Bloch point nucleation [l^ . 
The operating field range is relatively narrow: While too 
low fields do not cause the core to switch, too high fields 
give rise to sequences of multiple pair creations and an- 
nihilations. It is observed that by extending the pulse 
duration, switching can be accomplished with pulses of 
65 mT, while by increasing the applied field strength, it 
is possible to obtain switching with pulses only 5 ps long. 
Ultimately, too strong and too long pulses lead to a tem- 
porary expulsion of the vortex from the sample. 

In conclusion we presented a detailed description of 
an ultrafast process in nanomagnetism for switching the 
core of magnetic vortices. Although this reversal mode 
involves a series of complex processes on the nanometer 
scale - the creation of a vortex- antivortex pair, a sub- 
sequent annihilation process - the chain of events only 
requires a short field pulse of suitable shape to be ini- 
tiated. The ultrafast speed of this process is perhaps 
equally astounding as the finding that such a long se- 
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FIG. 4: Switching diagram for the pulse parameters leading 
to a toggle switch of the vortex core in a 100 nm radius and 
20 nm thick Py disk. The pulse duration is quantified by its 
width, a, and the strength by its maximum value. The cell 
size was 3nm, varied by ±0.7 nm at 80 mT / 20 ps (diagram 
edge), giving a variation in the field required to switch the 
core of +5.0 mT for 2.3 nm cells and -5.6 mT for 3.7 nm cells. 



quence of subprocesses develops almost automatically. 

The pair-creation mediated vortex core reversal is com- 
parable in scope with the precessional switching mecha- 
nism [l9j]. However, the pair-creation and annihilation 
processes are driven by the exchange field, while the pre- 
cessional switching exploits the demagnetizing field. The 
magnitude of the exchange field is in the order of 100 T, 
which is about 100 times larger than the demagnetiz- 
ing field. This explains the considerably higher speed of 
the core reversal, which is almost an order of magnitude 
faster. A further advantage of the vortex core reversal 
mechanism lies in the simplicity of the required sample 
and magnetic structure: all that is needed is a magnetic 
vortex, which is a structure that forms naturally in sub- 
micron sized magnetic disks [24[. The core reversal pro- 
cess described here therefore represents a significant leap 
towards smaller length scales and shorter time scales. 

We thank H. Stoll (MPI Stuttgart) and coworkers for 
bringing the vortex switching problem to our attention. 
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